The downscaling of optical systems to the micro and nano-scale results in very compliant systems with nanogram-scale masses, which renders them susceptible to optical forces. Here we show a specially designed resonant structure for enabling efficient static control of the optical response with relatively weak repulsive and attractive optical forces. Using attractive gradient optical forces we demonstrate a static mechanical deformation of up to 20 nanometers in the resonator structure. 
I. INTRODUCTION
The use of optical forces to manipulate small objects is an important subject with applications ranging from manipulation of living cells by optical tweezers 1 to optical cooling in atomic physics 2 . More recently, the downscaling of optical systems to the micro and nano-scale resulted in very compliant systems with nanogram-scale masses, rendering them susceptible to optical forces 3, 4, 5, 6 . In fact, optical forces have been exploited to demonstrate chaotic quivering of microcavities 7 , optical cooling of mechanical modes 8, 9, 10 , actuation of a tapered-fiber waveguide 11 , and excitation of the mechanical modes of silicon nano-beams 12 .
The challenge in controllably manipulating the optical response of photonic structures using optical forces is that large optical forces are required, in order to induce appreciable changes in the structures geometries. Here we show a specially designed resonant structure for enabling efficient static control of the optical response with relatively weak optical forces. We demonstrate a static mechanical deformation of up to 20 nanometers in the geometry of a silicon nitride structure, using three milliwatts of optical power. Because of the optical response sensitivity to this deformation, such optically induced static displacement introduces resonance shifts spanning 80 times the intrinsic resonance linewidth.
II. RESULTS
The photonic structure is composed of two coupled ring resonators with an optical response sensitive to small changes in the distance between the rings. As shown in Both symmetric and antisymmetric optical modes can be observed in the transmission spectrum of the fabricated structure, indicating the coupling between the two cavities. In We attribute this difference to the asymmetry between the top and the bottom ring geometry and material properties (see Methods and Supplementary Information for details).
We demonstrate experimentally the control of the photonic structure's response using both attractive and repulsive forces, i.e. the tuning of the resonance splitting with optical forces. In contrast to other tuning methods based on thermal effect or free-carrier injection, this approach allows the resonances to be moved to either shorter or longer wavelengths. As illustrated in the schematic of Fig. 2b , we use a pump laser to induce the optical force and a weak probe laser to read-out the cavity response (see methods for details). Attractive and repulsive forces are obtained by tuning the control laser towards a symmetric (blue arrow in Fig. 2a ) or antisymmetric optical resonance (red arrow in Fig. 2a ). For each detuning wavelength between the pump laser and the respective cavity resonance, the probe laser wavelength is swept across a pair of S and AS resonances (shaded region in Fig. 2a ) to read out the resonance shift. The probed wavelength shifts (relative to λ = 1499.1 nm) for both S excitation (attractive forces) and AS excitation (repulsive forces) are plotted in Fig. 2c,d. In Fig. 2c , while the AS resonance (red circles) is blue shifted, the S resonance (blue curve) is red shifted. This opposing behavior can only occur if the gap between the two rings is reducing as the pump laser approaches the symmetric cavity resonance. In Fig. 2d we show the wavelength splitting measured when the AS mode is excited. In contrast to the S excitation shown in Fig. 2c , the AS resonance is red shifted while the S resonance is blue shifted. As we discuss next, such opposite resonance shift uniquely demonstrates that optical gradient force is the dominant actuation effect in our cavity. Moreover, the ability to induce both attractive and repulsive optical forces in a microcavity structure allows one to shape the optical potentials to explore novel effects and functionalities in optomechanical devices, such as self-alignment and or cavity trapping 6 .
Due to optical absorption, thermal effects are also expected to induce resonance shifting. As the cavity temperature increases, the refractive index of Si 3 N 4 will increase due to thermo-optic effect. Also, because of the thermal expansion, the cavity structure may be deformed inducing a thermo-mechanical effect. The thermo-optic effect causes the resonances to red shift, creating thus an asymmetry between S and AS splitting (see Supplementary
Information for details). Such thermo-optic asymmetry can be noticed in Fig. 2c where the S mode red shift is larger than the AS mode blue-shift. In 2c, due to the repulsive optical force, the asymmetry is reversed and the S mode blue shift is smaller than the AS mode red shift. The thermo-mechanical effect however can actually deform the mechanical structure. This deformation can either increase or decrease the gap between the rings. A raise in temperature however will always deform induce the same thermo-mechanical deformation, regardless of the optical mode that is providing the heat source. This is in clear contrast with the measurements shown in Fig. 2c,d . To infer the magnitude of this effect in our structure, we performed full numerical simulations of coupled thermo-mechanical problem using the finite element method (see Supplementary Information) . The results show that even a very large temperature increase of ∆T = 70 K would change the gap between the rings by only 100 pm. Such small contribution occurs because the thermal expansion is mainly in the radial direction, leaving the gap between the rings almost unchanged.
From the measured the net resonance shift for both S and AS modes, the thermo-optic (∆λ to ) and the optomechanical (∆λ om ) contributions to the net resonance shift can be isolated. This is achieved by considering the measured group index of the optical modes, We verify that the impact of undesirable optically induced mechanical oscillations in our structure is not detrimental by measuring the dynamic optical response (see Methods and Supplementary Information). Due to its higher optical Q such oscillations are more relevant to the symmetric pump excitation. Because the optical quality factor (Q ≈ 6 × 10 4 ) of this mode is not very high and the mechanical quality factor (Q m ≈ 2) is extremely low, the threshold for regenerative mechanical oscillations 8 of the fundamental mechanical mode is estimated to be P th ≈ 65 mW and was not achieved in our experiment. The thermal brownian motion of the cavity mechanical modes however can cause fluctuations in the gap between the rings. At thermal equilibrium, this amplitude can be calculated using the equipartition theorem to be δx 2 ≈ 60 pm. This corresponds to relative wavelength shift ∆λ /δλ = k om δx 2 /δλ ≈ 20%. In our cavity however a giant optical spring effect pump detunings. This corresponds to relative wavelength shift ∆λ /δλ ≈ 7%. These could be reduced by targeting an even lower mechanical quality factor cavities using, for instance, a pressurized environment or specific spokes design 13 .
III. CONCLUSIONS
We show that significant optical force actuation is achievable by exploring interacting optical microcavities. The particular cavity design explored in this work provides high mechanical sensitivity to such forces. For instance, within the optical and mechanical quality factors explored here, the static optical force is dominant over both thermal effects and optomechanical oscillations. Demonstration of both attractive and repulsive forces is an important step towards enabling recently proposed functionalities for optomechanical devices, such as self-aligning and optical corralling behavior 6 . These advances on the static actuation of photonic microcavity structures using optical forces should enable future microoptomechanical systems (MOMS) with novel and distinct functionalities. 1a ). Due to such bending, the actual gap between the resonators is larger than the sacrificial SiO 2 layer thickness. It is estimated from the SEM image to be g = (640 ± 50) nm.
Experimental set-up
The set-up used to actuate and probe the cavity is illustrated in Fig. 2b . It consisted of two tuneable external cavity diode lasers combined using a 3 dB directional coupler.
The laser light was coupled in and out of the chip using a pair of lensed optical fibers.
Due to the high insertion loss of our devices (12.0 ± 0.5 dB), the pump laser was preamplified using an erbium doped fiber amplifier (not shown in the schematic of Fig. 2b ).
To minimize coupling fluctuations when the pump power is varied, we choose to keep the pump laser power constant and change the detuning from pump laser wavelength λ p with respect to desired cavity resonances. In both case the laser approached the resonance from smaller wavelengths (blue detuning). The light collected from the bus waveguide is split in two parts. One part is filtered with an interferometric filter (center wavelength 1550 nm, bandwidth 10 nm) to reject the residual pump light. The remaining probe light is detected and provide the raw optical transmission spectra used to obtain the curves shown in Fig. 2c,d , see Supplementary Information for the raw transmission data. The second part is directly detected using a New Focus 1811 (125 MHz bandwidth) photodetector. Its photocurrent allows us to measure the dynamical response of the microcavity and measure the RF spectrum of the transmitted pump laser (see Supplementary Information).
Coupled pump power calibration
The input pump power (P in ) launched in the coupling waveguides is estimated from the input and output loss of our devices (= 12 ± 0.5 dB each). To ensure that both input and output losses were the same we have calibrated them based on the nonlinear wavelength shift obtained by launching light from opposite sides of our device.
Optical modes
Three optical modes can be identified in the measured transmission spectrum. As indicated in Fig. 2a , we identified them as the fundamental symmetric mode in blue ( T E Fig. 2 , we extended the probe laser scanning window to measure the T E + 2 mode resonance shift. As shown in the Supplementary Information, the T E + 2 experiences a red-shift for attractive forces (symmetric pump) as it should be for a symmetric mode.
Gap change calculation
The thermo-mechanical effect is negligible in our structure, therefore the measured resonance shifts are due to a combination of thermo-optic and optomechanical effect. The measured shift for S (+) and AS (−) modes will be given by ∆λ ± = k ± om ∆g + k ± to ∆T . Since both ∆λ + and ∆λ − can be measured in our cavities and both k om and k to can be estimated, the system of two equations can be solved for the gap (∆g) and temperature change (∆T ). The corresponding contribution to the net resonance shift can easily calculated as The gradient optical force between the two rings can be predicted by considering the optical potential energy for the symmetric and antisymmetric optical modes 5, 6 ,
where U is the intra-cavity field energy, λ is the wavelength of light and k om = ∂λ/∂g is the optomechanical wavelength tuning efficiency. This latter quantity is related to the usual optomechanical frequency tuning parameter (g om ) as g om = (ω/λ)k om . Symmetric modes will have negative k om , leading to attractive forces (F < 0) whereas antisymmetric modes will have a positive one, leading to repulsive forces (F > 0). To calculate the optical force in terms of the experimental parameters we write the cavity energy as
where T is the transmission extinction ratio, Q i is the intrinsic quality factor, P in is the input pump power coupled to the bus waveguide, and c is the speed of light. The optical force can be related to motion of each ring using Hooke's law F = k(∆y), where k is the mechanical spring constant and ∆y = ∆g/2. This predicts a gap change between the rings given by
In Fig These values estimated for the optical gradient force have the same order of magnitude of the data presented on Fig. 3a,b . The maximum measured gap change shown in Fig. 3 were ∆g + ≈ −20 nm and ∆g − ≈ 1 nm. We attribute these differences to the uncertainty in the simulated optomechanical tuning efficiency as we discuss below.
Optical modes and optomechanical tuning efficiency a. Optical modes identification
The cavity optical fields are assumed to have azimuthal symmetry, i.e. E(r, z, φ) = E(r, z) exp(imφ) so that it's optical modes could be calculated for each azimuthal number m in a 2-D computational domain. For simplicity, we have also approximated the cavity structure by two identical rings which are perfectly aligned to each other, i.e. the gap is constant over the whole ring region. Using numerical simulations of this cavity structure we identify three guided optical modes in 1500-1600 nm wavelength range. They are the fundamental symmetric (T E + 1 , Fig. S-1b) , the fundamental antisymmetric (T E Another strong experimental evidence that supports our identification stems from the measured wavelength splitting for the T E + 2 mode. Although this is not shown in the main text, its wavelength shift can be observed in Fig. S-2b , where the probe scanning range includes the T E + 2 resonance around λ = 1495 nm. As expected for a symmetric mode, it experiences a red shift when the optical force induces attraction between the rings.
b. Optomechanical tuning efficiency
The optomechanical coupling parameter g om is obtained by calculating the resonant mode frequencies for different gaps. In Fig. S-1c , the resonance wavelengths for both the fundamental transverse electric (TE) S and AS optical modes are shown for different gaps between the rings. The inset in Fig. S-1c shows an exponential fit to the the resonant wavelength The gap dependent optomechanical tuning efficiency can be easily calculated from this fit as k Fig. S-1d shows such parameters for both S (blue) and AS (red) modes. In our device, the gap is estimated from the SEM micrograph to be g = 640 ± 50 nm, therefore k om = (7 ± 2) × 10 −2 . Note that the error estimated here for k om is purely due to the uncertainty in the gap retrieved from the SEM measurement.
However we have verified numerically, and there is also recent experimental evidence 14 , that small asymmetries between the top and bottom rings may cause optical mode coupling between the fundamental AS mode and the second order S mode. This coupling will affect the resonance splitting for the the AS mode and due to the anti-crossing nature of such splitting 14 , the optomechanical tuning efficiency for the AS mode could be reduced. This would contribute to additional uncertainty in the calculated gap change. Any asymmetry also will induce a different power distribution among the top and bottom rings for S and AS modes. Because the top Si 3 N 4 layer in our device should have a higher scattering loss (see fabrication details in the Methods section), this can lead to considerable difference between the top and bottom resonators. 
Gap change calculation
When the pump laser is coupled to the cavity, the optical force is not the only effect to contribute to the resonance shift. Other nonlinear effects may also contribute to shift the optical resonances. In silicon nitride, possible contributions could arise from thermal and electronic (Kerr) nonlinearity. For the pump power levels used, however, contributions from Kerr effect can be neglected. Thermal effects though are expected to contribute in two different ways.
The simplest one is through the positive thermo-optic effect in which a temperature variation (∆T ) induces a proportional change in the material refractive index ( δn = α∆T ,
. As a result of positive thermo-optic effect there is always a red-shift of the cavity resonances when any light is absorbed in the rings. The impact of the thermo-optic effect on the resonance position can be easily quantified using the usual relation ∆λ
to ∆T , where k to = α (λ/n g ) ± is the thermo-optic parameter, n g is the group index and the superscript ± stands for either the symmetric (+) or antisymmetric optical mode (−).
The other thermal contribution can arise due to thermo-mechanical effect. Because our structure is suspended and the rings are thermally isolated due to the thin spokes, the temperature gradient in the structure can actually induce some deformation of the cavity structure. In contrast to the thermo-optic effect, which can only red-shift the optical resonances, such deformations could also change the gap between the rings and therefore shift symmetric and antisymmetric resonances to different directions. For a given cavity however, the thermo-mechanical deformation will either increase the coupling between the rings or reduce it. Therefore, if this effect was dominant, when the pump laser is coupled to a symmetric or antisymmetric mode it would induce resonance shifts in the same direction.
This is in contrast with our observations shown in Fig. 2c,d . Such behavior can only be accounted for if attractive and repulsive optical forces are dominant in our structure. Therefore thermo-mechanical effect should be small in our structure. To confirm that we have also performed thermo-mechanical simulations of our structure, showing that the gap change is negligible for the observed temperature shifts (see below).
The total resonance shift for S (λ + ) and AS (λ − ) modes is a result of thermo-optic and optical force effect, ∆λ ± = k ± om ∆g + k ± to ∆T , where k om and k to are, respectively, the optomechanical and thermo-optic wavelength tuning efficiencies. The optomechanical wavelength tuning efficiency is related to the usual optomechanical coupling rates as k om ≡ ∂λ/∂g = g om c/λ 2 , where g om is the usual optomechanical coupling parameter. Since both ∆λ + and ∆λ − are measured one can calculate both the gap (∆g) and temperature change (∆T ) as (see Fig. 3 )
Thermal properties
The steady-state temperature change in the cavity is governed by the heat equation where Γ abs is the cavity optical absorption rate and R th is the cavity thermal resistance.
Before diffusing to the substrate, heat must diffuse through the spokes and the pedestal.
The thermal resistance of each of these elements will be given by given by R th = l/(k th A),
where l is the length, k th is the material thermal conductivity, and A is the cross-section area. The spokes in our structure have l = 9.5 µm and A = 0.1 µm K. These number are within the same order of magnitude of the temperatures calculated from the measured resonance shift using eq. S-4 (see Fig. 3) a. Thermo-mechanical effect
Although the observation of both attractive and repulsive optical forces suggest that thermo-mechanical effects should be of secondary importance in our structure, we have also performed thermo-mechanical numerical simulations using the finite element method.
Since the largest temperature variation occurs for the symmetric pump excitation (attractive forces), we used a heat source distributed over the outer circumference of each ring with heating power given by P heat = Γ abs U + ≈ 35 µW. The steady-state temperature distribution in the cavity is shown in Fig. S-4a . Temperatures gradients between the rings and the pedestal of 16 K can be noticed. This value allows to calculate a thermal resistance of R th = ∆T /P heat ≈ 0.5 × 10 6 K/W, in reasonable agreement with the estimations above.
In Fig. S-4c we show the simulated cavity deformation together with the temperature map (false color scale). The solid black lines represent the cold cavity geometry. Note that most of the thermal-induced displacement occurs in the radial direction and therefore weakly perturbs the optical modes. Varying the heat power P heat we calculate the change in the gap between the rings as a function of ring temperature. The result is shown in Fig. S-4d , where a maximum change of δg ≈ 100 pm is observed for a temperature change of ∆T ≈ 70 K. These results confirm that thermo-mechanical effect is negligible in our structure.
Dynamical response
Although this work is focused on the static mechanical response of the double rings, there is also a inherent dynamical behavior. Even in the absence of light, or at very low power levels, the coupling to the thermal bath at a finite temperature T leads to position fluctuations following equipartition of energy, Due to the dynamic back-action of the mechanical motion one should expect dynamical behavior beyond the simple thermal motion described above 8, 17 . It is known that the initially static optical force can change the dynamical properties of the resonator. This is known as optical spring effect 8, 14, 15, 17 . Such optical spring has a component which is in-phase with the mechanical spring which shifts the resonant mechanical frequency Ω m . There is also a quadrature-component which leads to changes in the mechanical damping parameter Γ m , resulting in either damping or amplification of the thermally excited mechanical modes. As a result of such dynamical back-action, the mechanical resonant frequency and damping will be modified depending on the pump laser frequency to cavity frequency detuning (∆ 0 = ω p −ω 0 ) Using the experimental values described above, the estimated threshold from Eq. S-9
for the symmetric mode excitation is P th ≈ 65 mW. Within the power levels used in our
